The atomic structure of poly-molybdate ions formed in acid Ni-Mo aqueous solutions has been determined by applying anomalous X-ray scattering (AXS) and EXAFS methods. In a solution containing only molybdenum ions, we found only a poly-molybdate ion consisting of seven edgesharing Mo0 6 octahedra. In a solution containing both Mo and Ni ions, there exists another polymolybdate ion consisting of 6 edge-sharing MoO & surrounding an Ni ion. The total coordination number of Mo and Ni ions around a molybdenum ion is reduced by half when introducing citric ions into the Ni and Mo solution. This indicates that the large poly-molybdate ion is decomposed to smaller molybdate ions when forming citric complexes. Since molybdenum-nickel alloys can not be electrodeposited from solutions without citric ions, we propose a view that the structural change of the poly-molybdate ions in the solutions is closely related with the mechanism of induced codeposition of molybdenum and nickel alloy. The results of small-angle X-ray scattering (SAXS) measurements also support this conclusion.
Introduction
Electrodeposited molybdenum or tungsten amorphous alloys, such as Mo-Ni [1] and W-Co [2] , provide superior corrosion and wear resistance. The catalytic activity of these alloys in the industrial production of hydrogen from alkaline-water electrolytic cells is also notable [3] . In addition to this practical relevance, the electrodeposition of molybdenum and tungsten alloys is of considerable interest. Pure molybdenum or tungsten can not be electrodeposited from an aqueous solution. It can only be electrically codeposited from an aqueous solution containing an iron-group metal. Brenner [4] described the electrodeposition of these alloys as induced codeposition. Several theoretical assumptions [5 -9] have been made to explain the mechanism of induced codeposition. The electroplating conditions [2, [8] [9] [10] , mechanical and chemical properties [11] [12] [13] , atomic or micrographic structures [3, 14] of the codeposited molybdenum or Reprint requests to K. Shinoda; Fax: 81-22-217-5211.
tungsten alloy have been intensively studied. However no experimental information is available about the environmental structure around a molybdenum ion and an iron-group metallic ion in aqueous solution. This prompted us to determine the atomic scale structure of molybdenum and nickel ions in the Mo-Ni aqueous solutions by EXAFS and anomalous X-ray scattering (hereafter, it is called AXS) methods. This will provide a new view in the study of induced codeposition.
The advantage of the EXAFS and AXS methods is that the chemical environment around a certain metallic ion in solutions can be selectively determined [15, 16] . For example, in a metal-halide aqueous solution, its total structure factor is described as the sum of ten partial structure factors, where a large contribution from the partial structure factor of 0-0 pairs caused by the correlation between water molecules is well-recognized. Thus, in the conventional X-ray or neutron diffraction method it is extremely hard to evaluate an environment around a metallic cation due to the lack of element selectivity. The present electroplating bath of Mo-Ni alloys is prepared by dissolving sodium molybdate, nickel sulfate and sodium 0932-0784 / 97 / 1100-865 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen citrate with sulfuric acid to adjust the pH value to 5.0. Thus, only well-combined AXS and EXAFS methods enable us to determine the atomic structure of molybdenum and nickel complexes. In this paper we present a structural model of complexes in acid solution containing molybdenum and will discuss their change owing to the presence of nickel and citric ions by obtaining the environmental structure around molybdenum ions or nickel ions.
Experimental
Aqueous solutions were prepared with various concentrations of sodium molybdate dihydrate (Na 2 Mo0 4 -2H 2 0), nickel sulfate hexahydrate (NiS0 4 -6H 2 0) and sodium citrate dihydrate (Na 3 C 6 H 5 0 7 -2H 2 0). The pH values of these solutions were adjusted to 5.0 using dilute sulfuric acid. Aqueous solutions of 0.2 mol/1 NiS0 4 ,1.0 mol/1 Na 2 Mo0 4 , 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 , and 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 + 1.0 mol/1 Na 3 cit. were used for the EXAFS measurements. Aqueous solutions of 1.0 mol/1 Na 2 Mo0 4 , 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 , and Ö.5 mol/1 Na 2 Mo0 4 +~0.5 mol/1 NiS0 4 + 1.0 mol/1 Na 3 cit. were used for the AXS measurements. Mo0 3 crystals were also used as a reference in the EXAFS measurement.
The EXAFS and AXS measurements were carried out at the beam line 6B in the Photon Factory (PF) of the High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. Monochromatic X-ray beams are obtained using a double Si 111 crystal monochromator and monitored by an ionization chamber placed just in front of the sample. The AXS intensities were measured with a portable Ge solid state detector. The details of the experimental settings in PF are described in [17] . Some additional details required for the present work are given below. The solutions are contained in a cell with windows of a thin polymer film on both sides. The EXAFS spectra were obtained from the intensities of incident and transmitted X-ray beams measured by ionization chambers. The effect of the higher harmonics was reduced to an insignificant level by detuning the second Si crystal of the monochromator with a piezo-electric device.
The AXS intensities were collected by combining two different geometries, that is, the symmetrical transmission geometry for low scattering angles from 2° to 50° and the symmetrical reflection geometry for high scattering angles from 50° to 120°.
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In this way, the contribution from the cell windows is kept at low level [15] . The AXS intensities were measured on the lower energy side of the Ni and Mo K absorption edges because of particular near-edge phenomena, such as EXAFS and X-ray absorption near-edge structure (XANES), and extremely strong fluorescence radiation from the samples [18] . Empirically, two incident energies were used; that is, 8.032 and 8.132 keV below the Ni K absorption edge (8.332 keV), and 19.704 and 19.974keV below the Mo K absorption edge (20.004 keV). The environmental structure around Ni and Mo ions was determined from the difference between the intensities at these two energies. The procedure of this AXS analysis is identical to the previous work on liquid and glass samples [15, 18] . The AXS and EXAFS methods provide us structural information around a particular element corresponding to the absorption edge [18] . The EXAFS method is especially sensitive in the first nearest neighbor pairs. On the other hand, the AXS method gives structural information for atomic pairs even at a longer distance. In the present study, we made the best use of each method. The structural parameters for adjacent Mo-0 and Ni-0 pairs at the first nearest neighbor distance were determined by the EX-AFS method [19] . Using the structural data for Mo-O and Ni-0 pairs by the EXAFS method and the differential interference functions by the AXS method [15] , the structural parameters for neighboring Mo-Mo and Mo-Ni pairs at a longer distance were determined as follows.
According to Narten and Levy [20] , the interference functions are given by
where Q = 4ir sin 0/A. Further, n is the number of elements, n' the number of j-k pairs taken into account in the calculation, N jk the coordination number of j-k pairs at the distance r 0 k, and 6 jfc the mean squares variation. The quantities R jk and B jk represent the mean and variance of the boundary region which need not to be sharp. In practice, the distance and coordination numbers of near neighbor pairs are obtained by
r'/nm the least-squares calculation of (1) so as to reproduce the experimental interference function [20, 21] , The differential interference function by the AXS method is readily calculated by taking the difference between two interference functions in (1), evaluated at the two energies below the absorption edge [22] , Small-angle X-ray scattering (SAXS) measurements were also carried out in transmission geometry with monochromatic MoKc^ radiation by a Ge 220 channel-cut monochromator. A rotating X-ray generator, operated at 54 kV and 280 mA, was used. The SAXS intensity from the aqueous solutions filled in a glass capillary tube of 2mm diameter was detected with a xenon-filled one-dimensional position sensitive proportional counter. The beam path, 480 mm long from sample to detector, was evacuated. The SAXS intensity, observed from 0.5 to 16 nm -1 , was corrected for background intensity, absorption and multiple scattering and converted to absolute units using a scaling factor determined by comparing the theoretical value with the value at Q = 0, extrapolated from the experimental intensity data of pure water [23] ,
Results
The radial structure function (RSF) in the distance r' space is obtained by Fourier transform of Coordination numbers and atomic distances for the first shell around Ni ions were determined by the Fourier-filtering method. The region between the dotted lines in Fig. 1 indicates the width of the window function used to filter the first neighboring shell. The Fourier-filtered Ni EXAFS spectra k 3 x(k) are shown with solid curves in Figure 3 . The dashed curves in Fig. 3 correspond to those calculated by the structural parameters in Table 1 . In similar way, the coor- dination numbers and atomic distances for the first shell around Mo ions were also determined using the Fourier-filtered Mo EXAFS spectra in Figure 4 . The Ni EXAFS spectra in Fig. 3 are found to be well explained by a single Ni-0 distance model (cf. Table 1 ).
On the other hand, three Mo-0 pairs with different distances are required to fully fit the Mo EXAFS spectra in Figure 4 . This is verified by the EXAFS spectrum of the Mo0 3 crystal in Figure 4 (d). According to the structural data of crystalline Mo0 3 [24] , the structural unit is a distorted octahedron consist- Table 2 . Consequently, the Mo EXAFS spectra of solutions in Fig. 4 were also analyzed with the model of three Mo-O distances as given in Table 2 . This clearly indicates that the Mo ions form distorted MO0 6 octahedra even in the solutions. Table 2 , we find that the two peaks at about 0.18 and 0.23 nm in the RDFs in Fig. 5 can be attributed to the overlapped Mo-O(l) and Mo-0(2) pairs, and the Mo-0(3) pairs, respectively. As seen in Fig. 2 , any appreciable peak at about 0.33 -0.34 nm is absent in the Fourier transform of weighted EXAFS spectra of solutions. Whereas an apparent peak of MoMo pairs, indicating an edge sharing linkage between Mo0 6 octahedra, is observed in the Mo0 3 crystal. Quantitative analyses of Mo-Mo(Ni) pairs in solutions are known to be very difficult from the EXAFS data alone. On the other hand, distinct peaks of MoMo(Ni) pairs are observed at about 0.33 nm in the environmental RDFs for Mo in Figure 5 . Thus, the structural parameters for Mo-Mo(Ni) pairs in solutions were accurately estimated from the AXS data at the MoK absorption edge. In combination with the structural parameters for the Mo-O pairs in Table 2 , and the strcutural parameters for Mo-Mo and Mo-Ni pairs are summarized in Table 3 . In the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 aqueous solution, the structural parameters of Mo-Mo and Mo-Ni were independently determined by fitting the two differential interference functions for Mo and Ni in Figure 7 . As shown in Fig. 8 , we can find the peaks at about 0.33 nm in both environmental RDFs for Mo and Ni obtained by Fourier transform of the differential interference functions. The peak at about 0.33 nm in the environmental RDF for Mo in Fig. 8(a) is attributed to Mo-Mo and Mo-Ni pairs. Thus, by combining the structural parameters for the Ni-O pairs in Table 1 with the function <2A/ Ni (<2) in Fig. 7(b) , we could first determine the structural data for Ni-Mo pairs. Next, by applying these Ni-Mo data as well as the Mo-0 data in Table 2 to the function QAi Mo (Q) in Fig. 7(a) , we finally obtained the structural data for Mo-Mo and Mo-Ni pairs summarized in Table 3 . differential interference functions for Mo, QAi Mo (Q) obtained from the AXS measurements at the MoK absorption edge in Fig. 6 , the coordination numbers and atomic distances at about 0.33 nm were determined by the least squares variational method. The
Discussion
According to the structural data in Table 2 , the structural unit in the 1.0 mol/1 Na 2 Mo0 4 solution is considered to be a distorted Mo0 6 octahedron which is similar to the one in the Mo0 3 crystal. Since the atomic distance of Mo-Mo pairs in the Na 2 Mo0 4 solution is 0.335 nm in Table 3 , the Mo0 6 octahedra are likely to be connected by sharing their edges. Because of the coincidence between the data of Mo-Mo pairs in the Na 2 Mo0 4 solution and the crystalline Na 6 Mo 7 0 24 T4H 2 0 data [25] , it is likely that the local ordering of the Mo0 6 octahedra is very close to the cluster in the crystal. Accordingly, molybdenum ions in the 1.0 mol/1 Na 2 Mo0 4 solution form polymolybdate ions as illustrated in Figure 9 (a). Such poly-molybdate ions consist of 7 Mo0 6 octahedra which are connected by sharing their edges. This is consistent with the fact [26, 27] that molybdenum ions form mainly Mo 7 0 24 6~ oxo-complexes consisting of 7 MO0 6 octahedra in an acid molybdate aqueous solution.
The structural unit of the Mo0 6 octahedron does not change in the presence of Ni ions, as it is clearly seen in Table 2 . Table 3 shows that the coordination numbers and atomic distances of MoMo and Mo-Ni pairs in the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution agree well with the values of the Na 3 (CrMo 6 0 24 H 6 )-8H 2 0 crystal [28] , Thus, it is plausible that all Mo ions and a part of the Ni ions form the poly-molybdate ion shown in Fig. 9(b) which is the cluster in the Na 3 (CrMo 6 0 24 H 6 )-8H 2 0 crystal in spite of the difference between Ni and Cr. This result is confirmed by the fact that the Na 3 (CrMo 6 0 24 H 6 )-8H 2 0 single crystal was grown from an aqueous solution containing Na 2 Mo0 4 and Cr(N0 3 ) 3 at a 6 to 1 ratio with pH of 4.5 [28] , We notice in Fig. 5 that the peak height due to MoMo(Ni) pairs at about 0.33 nm is reduced in the solution containing citric ions. Although the total number of Mo and Ni around Mo at 0.33 nm is 3.4 in the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution, it becomes 1.4 when adding 1.0 mol/1 Na 3 citrate to the solution. Figure 10 shows the SAXS intensities observed in the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 and 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 + 1.0 mol/1 Na 3 cit. aqueous solutions. The SAXS intensity in the low ß-region decreases by adding citric ions to the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution. This implies that relatively larger clusters are likely to be present in the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution, whereas only small ones are in the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 + 1.0 mol/1 Na 3 cit. solution. Taking account of this SAXS observation in Fig. 10 and the decrease in the total coordination numbers around Mo in Table 3 , it may safely be said that the large poly-molybdate ions in Fig. 9(b) are decomposed into small molybdate ions consisting of at most a few MO0 6 octahedra when adding citric ions to the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution. The mechanism of this decomposition process can probably be explained in the following way. The nickel ion is located in the center of the poly-molybdate ion in Figure 9 (b). Such nickel ions form citric complexes. Thus, Mo and Ni ions cannot form the large poly-molybdate ions any longer. According to our recent measurements of visible absorption spectra of the present aqueous solution, the small poly-molybdate ions as well as Ni ions are found to form citric complexes [29] .
Molybdenum is only electrodeposited from a solution containing Mo, Ni and citric ions [30] . In such a solution, molybdenum ions exist as small molybdate ions which probably form citric complexes. Consequently, we consider that these small Mo(VI)-citrate complexes play an important role in the mechanism of the induced codeposition.
Summary
The environment around molybdenum and nickel ions in 1.0 mol/1 Na 2 Mo0 4 , 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 , and 0.5 mol/1 Na 2 Mo0 4 +"o.5 mol/1 NiS0 4 + 1.0 mol/1 Na 3 cit. aqueous solutions at pH = 5.0 has been determined by skillfully combining the AXS and EXAFS methods. In the 1.0 mol/1 Na 2 Mo0 4 solution, molybdenum ions form relatively large polymolybdate ions consisting of 7 Mo0 6 octahedra. In the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution, molybdenum ions form poly-molybdate ions consisting of 6 Mo0 6 octahedra surrounding an Ni ion. By adding 1.0 mol/1 Na 3 citrate to the 0.5 mol/1 Na 2 Mo0 4 + 0.5 mol/1 NiS0 4 solution, these relatively large complexes are decomposed to small Mo(VI)-citrate complexes. This structural change of the molybdate ions in the solution is considered to be an important factor controlling the mechanism of induced codeposition.
